mammalian kidwy. Am. J. Physiol. 228(6): 1921 Physiol. 228(6): -1926 Physiol. 228(6): . 1975 .-The vasa recta are thought to play an important role in the transfer of water and solutes within the renal medulla. Hydraulic pressures were measured in vasa recta on the surface of the exposed papilla in young Munich Wistar rats, and blood was collected from these microvessels for determination of total protein concentration and calculation of colloid oncotic pressure.
In descending vasa recta at the base of the exposed papilla, mean hydraulic pressure was 9.2 + 0.4 (SE) mmHg and plasma protein concentration averaged 7.1 =t 0.4 g/l 00 ml. Corresponding values in ascending vasa recta at the same level were 7.8 =I= 0.4 mmHg and 5.6 + 0.3 g/100 ml. respectively.
The protein concentrations correspond to calculated oncotic pressures of 26 and 18 mmHg in descending and ascending vasa recta, respectively.
We interpret these findings as evidence for net water uptake by the vasa recta in the renal inner medulla for which the driving forces are the transcapillary hydraulic and oncotic pressure differences.
Munich-Wistar rats; vasa recta capillaries; urinary concentrating mechanism; fluid reabsorption in renal papilla THE FORMATION of concentrated urine occurs primarily in the renal inner medulla (24) . Here the collecting tubules are embedded in a hypertonic interstitium, which becomes increasingly more concentrated toward the tip of the papilla. The driving force for the hypertonicity is thought to be generated by the long loops of Henle in which the necessary separation of solute and water ("single effect") (16) occurs by the removal of NaCl from the water-impermeable thin ascending limb; controversy exists as to whether the salt transfer is due to an active or passive mechanism (9, 14, 20, 22) . s ince water is reabsorbed from both collecting ducts (11) By analogy, transcapillary Starling forces in the renal medulla might also play a role in limiting net fluid reabsorption from collect--ing ducts and loops of Henle and thereby restrict the degree to which urine is concentrated.
The purpose of this study was to determine if net fluid reabsorption occurs in the vasa recta in the inner medulla and to assess the magnitude of the transcapillary forces involved.
METHODS

Young
Munich-Wistar rats of either sex ranging in weight from 70 to 120 g, were prepared for micropuncture of the left renal papilla as described previously (10). The Munich-Wistar rats were found to possess relatively long extrarenal papillae, averaging 2 mm in length, approximately one-third of the total lengths of the inner medullae (measured after the experiment). Throughout the experiment the animals were infused with normal saline at a rate of 0.015 ml/rnin.
In initial experiments (9 rats) the papillae were bathed in isotonic saline throughout the experiment. In later ex- Those in the colletting ducts were divided into three groups-those measured at the base, at the tip, and in the middle of the papilla. Loops of Henle were punctured randomly over the papillary surface. The location of the pipette with respect to the papillary tip was noted. That the varying composition and osmolality of the fluid in different structures within the renal inner medulla had no effect on the accuracy of Hydraulic pressure: measurements. Hydraulic pressure xneasurements in the inner medulla are shown in Table  1 . Note the small difference between the mean hydraulic pressure in descending and ascending vasa recta. There is, however, a decline in the direction expected, and the difference between descending and ascending vasa recta is statistically significant (P < 0.025). Hydraulic pressures in the loops of Henle were similar to those in the vasa recta. Pressure measurements in the collecting duct were separated into three groups according to the site of measurement along the length of the papilla. Tip pressures were virtually atmospheric, but there was a substantial pressure drop along the length of the collecting tubule from base to tip of papilla of about 5 mmHg.
A comparison of hydraulic pressures in nephron segments in the papilla and on the surface of the kidney is shown in Fig. 2 . Although the tubule segments belong to two separate nephron populations, superficial and juxtamedullary, it is interesting to note that hydraulic pressures tended to decline from proximal to more distal nephron segments, as one would have expected in a single population of nephrons.
As expected, mean superficial distal tubule hydraulic pressure was higher than mean hydraulic pressure in the most proximal collecting duct in the papilla* However, the decrease in hydraulic pressure along the inaccessible portion of the collecting ducts, between the cortical surface and the exposed papilla, was smaller than the pressure drop along the collecting ducts in the exposed papilla. The hydraulic pressures in the superficial distal tubule are closely bounded by those of the long loops of Henle and the earliest accessible collecting ducts; hence the hydraulic pressure in the juxtamedullary distal tubule should be similar to that in the superficial distal tubule. Protein concentration measurements. The mean concentration of protein in vasa recta plasma samples is shown in Table 2 , along with the concentration of protein in femoral artery plasma.
The mean protein concentration in vasa recta plasma was much higher than that in systemic plasma. Furthermore, the protein concentration of plasma in the descending vasa recta was greater than that of plasma in the ascending vasa recta by an average of 1.5 g/ 100 ml. Figure 3 illustrates paired measurements of protein concentration in ascending and descending vasa recta in 17 rats in which samples were obtained.
Vasa recta protein concentrations were normalized with respect to systemic plasma protein concentration.
In each of the 17 rats, plasma in descending vessels had a mean concentration of protein higher than or essentially equal to that in plasma in ascending vessels, and in the majority of cases the difference was considerable.
These differences were apparent irrespective of whether the papillae were bathed with isotonic saline (dashed lines) or mineral oil (solid lines). The oncotic pressure of each sample was calculated from the protein concentration using the equation The drop in collecting duct hydraulic pressure is much greater than that in the vasa recta, This could be the result of either a greater average fluid velocity in the collecting duct, a considerably greater fluid viscosity, or changes in geometry of the collecting tubule system. The values for the concentrations of protein in the vasa recta plasma agree with the range of values noted previ-OUS~Y. Gottschalk et al. (7) f ound vasa recta plasma/systemic plasma ratios of protein concentration to average 1.6 in nondiuretic hamsters. No attempt was made to distinguish between values in descending and ascending vessels. The concentration of plasma protein in the vascular system can change as a consequence of two processes: net transmural water flux or net transmural protein flux. Thus the consistent decline in protein concentration from descending to ascending vessels could be the result either of net water entry or of net protein loss from the capillaries. To our knowledge no unequivocal evidence for the existence of a lymphatic system in the inner medulla has been reported. Kriz and Dieterich (15) , in their electron and light microscopic examination of the ultrastructure of the inner medulla, failed to observe any structures resembling lymphatics.
In the absence of an extravascular route, the difference in protein concentration of plasma in descending and ascending vasa recta observed in the present study is taken as evidence for fluid uptake by the vascular system in the inner medulla.
The mechanism by which net fluid reabsorption occurs in capillaries in the inner medulla has not previously been examined.
Fluid movement across a membrane can be described, according to the principles of linear nonequilibrium thermodynamics, by the following equation In the limit of extremely rapid solute diffusion, the transcapillary concentration gradient for small solutes is reduced to zero, thereby eliminating the osmotic driving force for water provided by small solutes. To the extent that such diffusion equilibrium is not achieved, an outward driving force for water due to small solutes will persist, not only along the entire descending vasa recta, but also along initial segments, however brief, of ascending vasa recta. At some point in the ascending vessels, the transcapillary concentration gradient for small solutes will be reversed, as the hyperosmotic plasma courses up through a progressively less concentrated interstitium.
At that point the force for water movement due to small solutes is now directed into the ascending capillaries.
Therefore, to the extent that equilibrium between the concentrations of small solutes in vasa recta and in the interstitium is not achieved, the forces favoring outward water movement will exceed those for reabsorption. It follows that unless the endothelium of descending vasa recta is less permeable to water than that of ascending vasa recta, there can be no "net" influx of water along the entire capillary network in the inner medulla due to small solute driving forces alone. Xet water reabsorption by the vascular system therefore appears to be governed by the same combination of transcapillary forces that influence transcapillary fluid movement in the renal cortex, namely hydraulic and oncotic pressure differences (5). Small solutes, however, may affect fluid movement in the descending and ascending vasa recta separately. In the descending vasa recta the osmotic pressure exerted by small solutes would oppose capillary oncotic pressure while in the ascending vasa recta the two forces would be additive.
Because the concentration of protein in vasa recta plasma is low compared to that of small solutes, the former has heretofore been ignored in a consideration of driving forces influencing water movement across vasa recta (2, 8 
